A method to measure the rates of cleavage of specific sites in DNAs by restriction endonucleases is described. Partial digests are prepared by incubating DNAs with limiting amounts of endonuclease. The termini generated by cleavage are labeled with "P by the polynucleotide kmaseexchange reaction. The labeled termini are then identified by completing the digestion with the same endonuclease and separating the products by gel electrophoresis. As the products of complete digestion of DNA are often easily separated and can be unequivocally identified, this procedure permits comparison of the rates of cleavage of specific sites in DNAs; furthermore, because detection of the products of cleavage utilizes radioautography and does not depend upon their size, or amount, only small amounts of DNA need to be utilized. This method has been used to examine the cleavage of phage A DNA by EcoRI endonuclease, and to demonstrate that Sbromouracil substitution in phage P22 DNA reduces the rate of cleavage of most sites by Hind111 endonuclease approximately threefold and the rate of cleavage of one site approximately tenfold. Studies of the rates of cleavage of specific sites in DNA molecules by sequence-specific endonucleases have largely been limited to genomes with a small number of sites (l-10). These studies have required identification and analysis of intermediates occuring during partial digestion. For genomes with two or more cleavage sites, the rate of appearance of internal fragments depends upon several separate events, making kinetic studies technically difficult. Furthermore, digestion of genomes with many sites often generates intermediates which cannot be separated from each other making analysis by such procedures virtually impossible.
Studies of the rates of cleavage of specific sites in DNA molecules by sequence-specific endonucleases have largely been limited to genomes with a small number of sites (l-10). These studies have required identification and analysis of intermediates occuring during partial digestion. For genomes with two or more cleavage sites, the rate of appearance of internal fragments depends upon several separate events, making kinetic studies technically difficult. Furthermore, digestion of genomes with many sites often generates intermediates which cannot be separated from each other making analysis by such procedures virtually impossible.
We have devised an alternative method for studying the rates of cleavage of specific sites ' Current Address: Department of Biology, Massachusetts Institute of Technology, Cambridge, Mass. 02 139. in complex genomes. Partial digests are prepared by incubating DNAs with a limiting amount of endonuclease. The endonuclease is inactivated, and the termini generated by cleavage are labeled with '*P by polynucleotide kinase exchange ( 11, 12) . The labeled termini are then identified by completing the digestion with the same endonuclease and separating the products by gel electrophoresis. As the products of complete digestion of a DNA are often easily separated and can be unequivocally identified, this procedure permits measurement of the cleavage of specific sites in DNAs. Using this method, we have measured the rate of cleavage of EcoRI sites in phage A DNA by EcoRI endonuclease.
Previously, we noticed that partial Hind111 digestion of phage P22 DNA substituted with 5-bromouracil gave fragment patterns different than those observed with thymine-con-taining P22 DNA ( 13) . This suggested that the we have tested). It is readily inactivated by a rate of cleavage of at least one site in the phage 1-min exposure to 75'C. Endonuclease genome was affected by 5-bromouracil sub-HindIII, however, retains sufficient activity stitution. We have confirmed this observation after such treatment that an alternative prousing the method described above.
cedure for its inactivation was developed. It is irreversibly inactivated by treatment with
MATERIALS AND METHODS
Enzymes and DNAs. The preparations of phage T4 polynucleotide kinase. EcoRI endonuclease, and HindI endonuclease have been previously described ( 11, 13) . S, nuclease was purified by the procedure of Vogt (14) . DNAs from phage h and phage P22 (with or without 5-bromouracil) were prepared as previously described ( 13).
Labeling of phage h DNA by polynucleotide kinase exchange occurs extensively at the naturally occurring cohesive ends. S , nuclease was used to make the ends blunt, and thereby greatly reduce their labeling by polynucleotide kinase (12): 53 pg of A DNA was incubated with S, nuclease (sufficient enzyme to degrade single-stranded DNA completely) in 500 ~1 of 30 rnM sodium acetate, pH 4.6, 50 rnM NaCl, I rnM zinc acetate, and 5% glycerol for 30 min at 37OC. The DNA was then extracted with phenol and recovered by ethanol precipitation. EcoRI endonuclease digestion gave the expected fragment pattern; the sharpness of the bands suggested that little degradation occurred. The native termini of phage P22 DNA are poorly labeled by polynucleotide kinase exchange (unpublished observations, K. L. Berkner), making Si nuclease treatment unnecessary.
inactivation of enzymes. The procedure for measuring rates of cleavage by labeling partial digests requires that the restriction endonucleases be susceptible to rapid inactivation, and the polynucleotide kinase-exchange labeling be limited to the products of the partial digest and not extend to the products of the second (complete) digestion. Thus, conditions for rapid, reversibie inactivation of these enzymes were determined.
Endonuclease EcoRI is thermolabile (as are many other sequence-specific endonucleases 7 mM diethylpyrocarbonate for 3 min at 4'='C in 10 mM KPOd, pH 7.4. Diethylpyrocarbonate is itself unstable in this buffer at 75'Y (15) and subsequent treatment of the solution for 1 min at 75Y is sufficient to inactive it. (In a Tris-HCl buffer, normally used for Hind111 digestions, a tenfold higher concentration of diethylpyrocarbonate is necessary to inactivate the enzyme, and often it is difficult to eliminate residual diethylpyrocarbonate by heating at 75OC.) The phosphate buffer has little effect upon the subsequent polynucleotide kinase-exchange reaction; 50% inhibition occurs at 50 mM KP04. However, direct phosphorylation of 5'-hydroxyl termini is more sensitive to KPOa; 50% inhibition occurs at 10 mM KPOd, consistent with observations made by Richardson (16) .
Polynucleotide kinase is thermolabile ( 17) . Two sensitive assays were used to demonstrate that exchange labeling could be effectively stopped prior to the second addition of endonuclease. (a) Micrococcal nuclease-digested salmon sperm DNA (37 pg) in 350 ~1 of buffer containing 70 mM Tris-HCl, pH 7.6, 10 rnM MgClz, 4.5 mM dithiothreitol (DTT),2 and 67.5 pM ATP was mixed with 6 units of polynucleotide kinase. Samples were then heated at 75OC for O-2 min and chilled on ice. [T-~~P]ATP (3 X 104 cpm/pmol) was added to each sample and all were incubated at 37'C. At timed intervals, aliquots of 100 el were withdrawn and incubated at 37'C. Less than 0.5% phosphorylation activity was observed after heating polynucleotide kinase at 75'C for 30 s. (b) Endonuclease EcoRIdigested k DNA ( 1.5 pg) or P22 DNA ( 1.5 pg) in 20 ~1 buffer containing 45 rnM imidazole-HCl, pH 6.6, 18 mM MgC12, 4.5 mM DTT, 45 mM KCl, 0.1 mg/ml autoclaved gel-atin, 327 j&M ADP, and 5.2 PM [T-~'P]ATP were incubated with 10 units of polynucleotide kinase at 37OC for 10 min and then heated at 75OC for 1 min. EC&I-digested A DNA was then added to the P22 DNA mix, and EcoRI-digested P22 DNA to the A DNA mix. Following incubation at 37°C for 10 min, the DNAs were fractionated by electrophoresis through agarose, stained with ethidium bromide, and then autoradiographed.
In each case, only the DNAs incubated with polynucleotide kinase prior to heating incorporated 32P.
Measurement of the relative amounts of iabeied termini. Digests to be fractionated on agarose or acrylamide gels were mixed with l/ 10 volume of a solution composed of 1% bromphenol blue, 0.1 M EDTA, and 2.5% Fico11 (loading buffer), and subjected to electrophoresis as previously described (12), except that the electrophoresis buffer was made 10 m&l in NabP20, and 10 rnM in KPOb, pH 7.5. The gels were stained with ethidium bromide and/or dried for autoradiography with Kodak RP/X film. Grain densities of bands Use of phosphotungstate intensifier screens for quantitating '*P DNA. Samples of polyoma virus '*P DNA (0.1 pg per sample, from 14 cpm to 2800 cpm) were fractionated by electrophoresis through agarose. Duplicate gels were dried and autoradiographed with an Ilford phosphotungstate intensifier screen at -7O'C for 3 (e) or 7 (0) days (I 8). Grain densities were determined as described under Materials and Methods. (2) and the Hind111 sites in the P22 genome (19) are identified by numbers; fragments are lettered according to decreasing molecular weight. Although the phage P22 genome is linear, it it circularly permuted and hence is drawn here as a circle.
were measured by densitometry from duplicate films exposed for different periods of time, to ensure that the range of the film was not exceeded. In some experiments, phosphotungstate intensifier screens were used to increase the sensitivity of detection of labeled DNA fragments. The reliability of these screens for quantitating 32P DNA was checked by fractionating constant amounts of DNA with increasing specific activities, drying the gel, and then exposing it to film with an intensifier screen. The relative grain density of the bands was determined from densitometer tracings both with an Ortec densitometer integrator and by determining l/2 peak height X width. Both methods gave identical results. As seen in Fig. 1 , there is a linear relationship between the amounts of 32P label in DNA and the grain density at low levels of radioactivity, FIG. 3 . EcoRI digestion of phage k DNA. S, nuclease-treated DNA (10.2 pg) was digested with EcoRI endonuclease (8 units) in 100 ~1 mM Tris-HCl, pH 7.5, 6 rnM @-mercaptoethanol, 6 mM MgClr. Aliquots were withdrawn at 2-min intervals and heated at 78OC for 1 min. An additional aliquot of DNA was digested with 2 units of ,!ZcoRI for 30 min at 37'C. (a) Part of each aliquot was mixed with loading buffer and fractionated by electrophoresis througb 1% agarose; then the gel was stained with ethidium bromide and photographed. (b) An additional part of each aliquot was made up to the following final concentrations in 200 ~1: 45 mM imidazole-HCl, pH 6.6; 18 mM MgClz, 4.5 mM D'IT, 0.1 mg/ml autoclaved gelatin, 327 PM ADP, and 16.9 PM [A-32P]ATP. Polynucleotide kinase (6 units) was added to each, and then they were incubated at 37'C for 10 min, followed by heating at 78°C for I min. &oRI endonuclease (2 units) was added to each and the digestion was continued at 37Y for 30 min followed by heating at 75'C for 1 min. Loading buffer was added and the samples were subjected to electrophoresis through agarose and autoradiographed. The DNA samples in (a) and (b) are, left to right: no EcoRI (well l), increasing EcoRI (wells 2-8), or complete EcoRI digestion prior to polynucleotide kinase exchange (well 9). Letters to the right of part b identify the EcoRI fragments of A DNA. but leveling off of the grain density occurs as the amount of radioactivity increases. This saturation phenomenon is not solely due to the film's properties, since each amount of radioactivity shows a proportional increase in peak area when exposure is lengthened from 3 to 7 days (Fig. 1) . The nonlinear response requires the development of a standard curve. For the studies described here, intensifier screens were used primarily to detect bands having fewer than 500 cpm, which is well within the linear portion of the standard curve.
Calculation of the relative rates of cleavage at individual sites. Since polynucleotide kinase-exchange labeling of single-stranded breaks is inefhcient (1 l), primarily doublestranded cleavages are measured by the assay. The rate is defined by dP/dT = kA* [ES], + k& [ES]*, where P is the concentration of fragment generated during the initial part of the reaction and k&t and k&t are rate constants for the cleavage of flanking sites which generate fragment P. Application of steady state theory lends to a derivation of the following expressions for the initial velocities of reaction with two competing substrates (sites 1 and 2) at identical initial concentrations, as in the case of two sites in a DNA,
Since [E] [DNAJ is constant, it can be elimi-nated when rates are compared, giving relative measures of the specificity constants (,4J K,,) or discrimination by the enzyme for competing sites in DNA. If the Km's for each site are known, kt values for hydrolysis can then be computed.
RESULTS
The approach we have taken to measure the rate of cleavage of individual restriction sites in DNA circumvents having to isolate or identify the initial products of digestion (which are often composite fragments). Instead, termini produced by endonuclease cleavage are labeled with 32P by polynucleotide kinase exchange and then identified by completing the cleavage of the DNA with additional endonuclease. In such a procedure it is important to ensure that the initial incubation with endonuclease is limited (to permit measurement of initial rates), that the endonuclease is inactived prior to labeling the termini with 32P, and that inactivation of polynucleotide kinase is accomplished prior to the second endonuclease digestion. In initial experiments, we studied these aspects of the procedure, using endonucleases EcuRI, HGzdIII, 80 - Fig. 3 were scanned and the area under each peak measured. Bacteriophage h DNA completely digested with ,!?c~RI prior to polynucleotide kinase exchange was quantitated in the same manner. The area for each fragment at each time point is expressed relative to the area for each fragment in the complete digest. HindI& and ZGzuI. We confirmed that rapid, complete inactivation could be achieved by heating at 75'C (EcoRI, Hind14 HM) or exposure to diethyl pyrocarbonate (HindIII). Similarly, polynucleotide kinase activity can be eliminated by heating at 75'C for 1 min. Once conditions giving only limited digestion (for the first incubation with endonuclease) or complete digestion (for the second incubation with endonuclease) were determined, and knowing the conditions required for polynucleotide kinase exchange labeling (12), we used the procedure to measure the rates of cleavage of sites in phage A DNA by EcoRI, and the cleavage of sites in phage P22 DNA by HindIII.
Digestion of Phage EDNA by EcoRI. Previously, Thomas and Davis noted that EcuRI sites toward the right end of the A genome were cleaved preferentially by EcoRI endonuclease (2) . This prompted us to measure the rate constants for cleavage of individual EcoRI sites by polynucleotide kinase-exchange labeling. Because the naturally occurring A DNA termini are readily labeled by polynucleotide kinase exchange, S, nuclease was used to first remove their cohesive ends. The termini re- FIG. 5 . ,QoRI digestion of phage k DNA in high ionic strength buffers. h DNA (0.5 pg) was incubated with .&oRl at 25V for I mm in 40 ~1 of buffer containing S-treated DNA, 100 mM Tris-HCl, pH 7.5, 100 mM KCI, then MgC& (to 10 mM) was added, and the samples were incubated for 10 or 30 min, followed by heating at 7VC for 1 min. A complete digest was also prepared by treating the A DNA (0.5 pg) in the same buffer with 4 units ,%oRI for 30 min at 37'C. The samples were made to the final concentrations in 20 ~1: 45 mM imidazole HCI, pH 6.6, 18 mM MgC&, 4.5 mM DTT, 0.1 mg/ml autoclaved gelatin, 327 ~,!4 ADP and 12.4 pA4 [A-3*P]ATP and incubated with 6 units polynucleotide kinase for 10 min at 37OC, and then heated at 78YZ for 1 min. ,!koRI endonuclease (3 units) was added and the digestion was continued at 37°C for 30 min, followed by heating at 75Y.Z for I min. The samples were fractionated by electrophoresis and subjected to autoradiography. The DNAs, from left to right, were incubated with (1) I unit EcoRI, I min; (2) 1 unit .EcoRI, 10 min; (3) 2 units I&RI, I min; (4) 2 units ,%RI, 30 min; (5) 10 units koR1, 30 min.
suiting from this treatment are inefficiently otide kinase exchange and then digested to labeled; thus, the two terminal EcuRI frag-completion. In early stages of digestion, as in ments (A and F, Fig. 2 ) incorporate '*P prilate stages, we observed no large difference in marily at their EcoRI termini.
the rate of appearance of any of the EcoRI To study EcoRI cleavage of A DNA, partial fragments (Fig. 3) . The only significant difdigests were prepared, labeled by polynucleference that is consistently observed is a slower than average cleavage of the site(s) bordering fragments D and E (Fig. 4) . As the order of the EcoRI fragments is shown (Fig. 2) , and assuming that the EcoRIgenerated termini are labeled in proportion to their concentration, the specificity constants for cleavage of each site can be determined (Table 1 ). The specificity constant for EcoRI cleavage of site 2 is considerably lower than that for the remaining sites.
Since the activity of the EcoRI appears to be dependent upon both ionic strength and temperature (2, 7, 20 ,2 l), we repeated these experiments at high ionic strength and lowered temperature. With a digest that is approximately 5% complete, there is no preferential appearance of any individual fragment (Fig.  5) . As fragments A and F are labeled primarily at their EcoRI termini, and do not require other cleavages to appear as end products of digestion, preferential cleavage of either site 1 or site 5 (Fig. 2) would be easily detected. With high ionic strength, the only significant difference that is observed is the small amount of fragments A and E generated by EcoRI (Fig. 5) . When specificity constants were compared, site 2 was again found to be much less prefered than the others ( Table 1) .
Digestion of Phage P22 by Endonuclease HindIZZ. Phage P22 DNA contains fourteen sites cleaved by Hind111 endonuclease (Fig. 2) . We had previously noticed that Hind111 cleavage of P22 DNA substituted with 5-bromouracil generates a pattern of fragments slightly different than that observed with thyminecontaining DNA ( 12). A high-molecularweight fragment appears, and seems to replace two low-molecular-weight fragments, suggesting that one site in 5-bromouracil-substituted P22 DNA is particularly resistant to Hind111 digestion (Table 2 Nofe. The molecular weights of P22 Hind111 are from Deans and Jackson (19) and agree well with measurements we have independently made. Terminally labeled DNA fragments were prepared, fractionated by electrophoresis, and autoradiographed. After scanning, the area under each peak was determined by measuring the half height times width. Averages from at least four different experiments were used in these determinations.
0 Expressed relative to 3*P incorporation into fragment B.
b Because of the manner by which P22 DNA is packaged, fragment A exhibits size heterogeneity and is not present in stoichiometric amounts in enzyme digests ( 19, 22) . In addition, fragment A incorporates less 32P due to one terminus being a mature PZ2 end, which is labeled poorly even in intact DNA (unpublished results, K. L. Berkner).
c The size is determined from its mobility in agarose gels, using a standard curve prepared from HindIIIdigested P22 and A DNAs. susceptibility of sites in P22 DNA to Hind111 digestion. Quantitative measurements of the rate of cleavage of individual sites in the P22 genome should determine whether this is correct.
To analyze the rate of digestion of individual sites, a series of partial Hind111 digests of P22 DNA and 5-bromouracil-substituted P22 DNA were prepared (Fig. 6) , and their termini were labeled with 32P by polynucleotide kinase exchange. The partial digests were then digested to completion with additional Hind111 and fractionated by electrophoresis through agarose gels. Autoradiograms of two typical series of partial digests are given in Fig. 7 . It is apparent that not all termini are generated at the same time. At early stages of digestion, for example, termini of fragment G are underrepresented in both preparations, and the termini of fragment C are generated at a faster rate in the Sbromouracil-substituted DNA. The amount of "P in each fragment was quantitated by densitometer tracings of autoradiograms such as those shown in Fig. 7 . The incorporation of 32P into the termini of each fragment in the partial digest was measured as a fraction of the total observed in that fragment in a complete digest (Fig. 8) . It is apparent from such an analysis that HkzdIII sites are cleaved at different rates, With thymine-containing P22 DNA, termini of fragments A, F, and G appear at nearly threefold lower rates than termini of fragments B, D, E, and H + I, which in turn appear 1.5 times more slowly than termini of fragment C. With Sbromouracil substituted DNA, the overall rate of digestion is three-to fourfold slower. Individuallly, an approximate tenfold decrease in the rate of appearance of the termini for fragments G is observed, a three-to fourfold decrease is observed for the termini of fragments B, D, E, and H + I, and the rate of appearance of termini of fragment C is reduced only twofold. Thus, it is clear that not all k!krdIII sites in the P22 genome are cleaved equally well, and that 5-bromouracil substitution can alter the relative sensitivity to endonuclease digestion of individual sites. The appearance of fragment D-G in digests of 5-bromouracil-substituted DNA, in particular, A FIG. 7. Hind111 digests of P22 DNA and 5-bromouracil-substituted P22 DNA labeled by polynucleotide kinase exchange. Phage P22 DNA were digested with Hind111 as described in the legend to Fig. 6 . Ahquots (10 ~1) were removed and mixed with 1 ~1 70 mM diethylpyrocarbonate and chilled on ice for 5 min. Digests with excess enzyme were obtained by incubating 1 pg of each DNA with 2 units of Hind111 in the same buffer for 60 min at 37'C. All samples were subsequently heated at 75'C for 2 min and mixed with additional buffer to these final concentrations: 45 rnM imidazole-HCl, ph 6.6, 18 mM MgClz, 4.5 mM DTT, 0.1 mg/mi autoclaved gelatin, 327 pM ADP, and 10.4 pM [1-32P] ATP. Six units of polynucleotide were added to each. After a IO-min incubation at 37OC, each sample was heated to 75'C for 1 min and then mixed with 5 units of HindIII. The samples were digested for 60 min and then fractionated by electrophoresis on agarose gels. Autoradiographs of gels of 5-bromouracil substituted DNA (A) and thyminecontaining DNA (B) contain from left to right: undigested DNA (slot 1); samples taken at increasing intervals of time (slots 2-8); digests made with excess Hind111 (slot 9). Densitometer tracings of digests made with excess enzyme are shown in (C) (5-bromouracil-substituted DNA) and (D) (thymine-containing DNA). appears to be due to both an intrinsic resis-is substituted with Sbromouracil. Relative tance to HkzdIII cleavage of sites surrounding specificity constants for sites 8-12 (Fig. 2) were the D-G fragment in P22 DNA and to a se-determined from the rate of appearance of the lective increase in resistance when the DNA three fragments D-G, D, and G. Not surpris- Fig. 7 were scanned and the peak areas were quantitated by densitometry. These were normalized to the areas of analogous peaks from digests of P22 DNA made with excess enzyme. Overall, the rate of digestion of Sbromouracil-substituted P22 DNA is three to four times sIower than that of thymine-containing P22 DNA (12). The rate of appearance of thymine-containing P22 DNA fragments is shown in (a) of bromouracil-substituted P22 DNA fragments, in (b). (Note that the digestion of SbromouraciI-substituted DNA was performed with a fourfold higher concentration of HindIII.) for studying the rates of cleavage of individual sites is relatively simple and can be applied to a wide variety of DNAs.
While studying the digestion of phage A DNA by endonuclease EcoRI, we found that one of the sites (site 2) was more refractory to cleavage than the others. The resistance of site 2 is in accord with the observation that in vivo is the least susceptible to host restriction (23). Site 2 is also the most strongly protected against cleavage by binding of distamycin-A or 6,4'-diamidine-2-phenyhndole (4, 6) . Protection of this site by dyes may be a reflection of its intrinsic resistance as well as its location in an A-T rich region of the A genome (where these dyes bind preferentially).
Although we have been unable to confirm the dramatic difference in susceptibility between the site at the right end of the h genome (site 5) and interior sites reported by Thomas and Davis (2) our data are in accord with the gradient of susceptibility that they noted, in which at high ionic strength sites I and 2 are cleaved at lower rates than sites 3, 4, and 5.
Others have noted differences in the cleavage of individual EcoRI si.tes in DNAs (3,7,8,2 1,24-26) . Using DNAs with single EcoRI sites that differ in their flanking sequences, two distinct mechanisms of action ingly, the specificity constant for site 10 (Fig. have been observed. In one, the enzyme re-2) is approximately 50-fold lower than that mains bound to the DNA between the first for sites 9 and 11. and second strand scission, while in the other, DNA is released after the first scission. Ob-
DISCUSSION
Studies of the susceptibility to endonuclease cleavage of different sites in a DNA molecule is providing insights into the manner by which these enzymes recognize and cleave DNAs, as well as information about the structure of DNA in solution. In preliminary experiments not reported here, we have examined the rates of cleavage of polyoma DNA by endonuclease HpuII, HindII, HindIII, and HM. Although these studies are incomplete, together with one described above, they confirm that the procedure we have developed servations such as these underscore the significance of elements outside the canonical recognition sequence for the recognition and cleavage of DNA's by site-specific endonucleases (27).
Cleavage of phage P22 DNA by Hind111 is kinetically heterogeneous, with a group of four sites cut approximately threefold more slowly, and one site approximately 1.5 times more rapidly than the remaining four sites examined. When substituted with 5-bromouracil, the overall rate of cleavage is reduced threefold and the differences in rates of cleavage of several sites are accentuated. One site in particular is very resistant to Hind111 cleavage, and because its resistance is selectively increased by 5-bromouracil substitution, it results in the formation of a new fragment which is not normally observed in Hind111 digests of thymine-containing P22 DNA. As HindI acts only upon the sequence (5')AAGCTT (28), this difference in the rate of cleavage must reflect properties of the DNA molecule surrounding the cleavage site. Other studies of Hind111 cleavage of DNAs, particularly of the inhibitory effect of dyes which bind to DNA (5) indicate that neighboring sequences can influence the rate of cleavage of DNAs by HirzdIII. We looked for a correlation between the sensitivity to cleavage and the base composition of particular fragments of P22 DNA but could find no obvious relationship (data not shown).
